Introduction
============

Endocytosis is a fundamental cellular process involved in nutrient uptake, receptor signaling, and turnover of plasma membrane (PM) proteins and lipids. After endocytosis, membrane and content is subsequently sorted and trafficked to the appropriate destination: to lysosomes for degradation or the PM and other organelles for reuse. Although clathrin-mediated endocytosis (CME) has been widely studied, with details of mechanisms for cargo selection, internalization, and vesicle formation well established ([@bib6]; [@bib45]), much less is known about mechanisms for endocytosis without clathrin ([@bib27]; [@bib19]; [@bib41]). There is evidence of distinct endocytosis requirements for certain cargoes in particular cell types, leading to an apparent variety of entry mechanisms including the Arf6-associated mode of clathrin-independent endocytosis (CIE; [@bib9]) and the CLIC/GEEC pathway ([@bib27]). A common feature of both of these forms of CIE is their independence of clathrin and dynamin, and dependence on membrane cholesterol. CIE also occurs in worms ([@bib2]) and yeast ([@bib35]), which indicates that it is a conserved cellular activity.

The list of proteins entering cells by CIE is growing rapidly. It includes: major histocompatibility complex class I (MHCI) proteins ([@bib37]); peptide-loaded class II ([@bib47]); CD1a ([@bib4]); E-cadherin ([@bib31]); β1-integrin ([@bib34]); syndecan 1 ([@bib51]); the potassium channel Kir3.4 ([@bib12]); the TRP-like calcium channel mucolipin 2 ([@bib21]); glycosyl phosphatidylinositol-anchored proteins (GPI-APs) CD59 and CD55 ([@bib30]; [@bib10]); and Glut1, ICAM1, CD44, CD98, and CD147 ([@bib10]). Although most of these cargo proteins have been identified associated with Arf6 endosomes, a recent analysis of the CLIC/GEEC endosome also identified similar sets of cargo proteins (including CD44, CD98, and β1-integrin; [@bib18]), which suggests that these endosomal systems are closely related.

The entry and intracellular itinerary followed by CIE cargo proteins have been well documented in HeLa cells where MHCI and CD59 are typical endogenous CIE cargo proteins. MHCI and CD59 enter cells in vesicles lacking the transferrin receptor (TfR), a typical CME cargo protein, and then several minutes later are observed in classical sorting endosomes containing TfR and the early endosomal antigen 1 (EEA1). From here, MHCI and CD59 are routed either to late endosomes for degradation or back to the cell surface via distinctive tubular endosomes ([@bib37]; [@bib29], [@bib30]). A new group of CIE cargo proteins that includes CD44, CD98, and CD147 follows a different itinerary after endocytosis ([@bib10]). CD44, CD98, and CD147 enter cells by CIE and then rapidly join recycling tubules; unlike MHCI and CD59, they are not observed in endosomes containing TfR and EEA1 ([@bib10]). This avoidance of EEA1-associated endosomes leads to prolonged surface lifetimes of CD44, CD98, and CD147 in HeLa cells ([@bib11]), as these proteins do not readily traffic to late endosomes and lysosomes ([@bib10]).

The recycling of CIE cargo proteins back to the PM is regulated by numerous factors including several Rab proteins, epsin-homology domain proteins (EHDs; [@bib28]), Arf6, and actin ([@bib13]). Among the Rab proteins required for recycling, Rab22a localizes to the recycling tubules, and cellular depletion of Rab22a leads to loss of recycling tubules and delayed recycling of CIE cargo ([@bib48]). The directed Arf6-dependent recycling of this membrane back to the cell surface is important for cell spreading and migration, wound healing, and cancer cell metastasis ([@bib42]; [@bib16]; [@bib34]; [@bib1]).

The alternative itinerary taken by CD44, CD98, and CD147 that allows them to avoid residence in EEA1 compartments raises the possibility that these proteins might contain signals that allow for their sorting on endosomes. In this study, we examine whether there is information contained within CIE cargo proteins that specifies their intracellular itinerary. We identify endosomal sorting determinants in the cytoplasmic tail of CD147 and show that Hook1 is part of the cellular machinery involved in the direct sorting of these cargo proteins toward recycling.

Results
=======

CD44 and CD147 contain sorting signals that direct them to tubular recycling endosomes and limit their residence in EEA1-associated endosomes
---------------------------------------------------------------------------------------------------------------------------------------------

To identify potential sorting determinants in the sequences of CD44 and CD147, we created chimeric proteins, combining sequences from Tac, the α subunit of the interleukin 2 receptor, with those of CD44 and CD147, all type-I membrane proteins. Tac has been used in many studies as a reporter molecule for identifying sorting determinants, enters cells by CIE, and has the same trafficking itinerary as MHCI ([@bib37]; [@bib29]). We first compared the itinerary of endogenous CD44 and CD147 and compared it to that of transfected Tac in HeLa cells. Cells were incubated with mouse monoclonal antibodies to CD44, CD147, or Tac at 37°C for 1 h to allow internalization of the antibody-bound protein, and internalized antibody was then detected as described in Materials and methods. CD44 and CD147 were found prominently in internal tubular structures that were largely devoid of EEA1 ([Fig. 1 A](#fig1){ref-type="fig"}), as observed previously ([@bib10]). In contrast, endocytosed Tac was found in discrete punctate structures, some of which colocalized with EEA1 in the juxtanuclear region ([Fig. 1 A](#fig1){ref-type="fig"}; [@bib29]). Tac could also be seen in tubular endosomes, but was less prominent than CD44 and CD147.

![**CD44 and CD147 contain sorting sequences that direct their traffic to recycling tubular endosomes.** (A) HeLa cells were incubated with primary antibodies against endogenous CD44, endogenous CD147, or Tac for 1 h at 37°C to allow internalization of the cargo proteins. After fixation, cells were immunolabeled with antibodies to EEA1, followed by secondary antibodies to detect EEA1 (red) and cargo proteins (green). Insets show enlarged views of the boxed regions. (B) Schematic representation of Tac, CD44, and CD147 chimeras used to identify potential sorting sequences in these CIE cargo proteins. Tac sequences are in orange, CD44 sequences in green, and CD147 sequences in purple. (C) HeLa cells transfected with either Tac or the different chimeric proteins were incubated with anti-CD44, anti--rat CD147, or anti-Tac antibodies for 1 h at 37°C to allow internalization of the antibody-bound cargo. Immunofluorescence analysis of all experiments was performed as described in Materials and methods. Arrows in A and C point to tubular endosomes. Bars: (A and C) 10 µm; (insets) 3 µm.](JCB_201208172_Fig1){#fig1}

Next, we created chimeric cargo proteins consisting of the extracellular domain of CD44 or CD147 with the transmembrane (TM) and cytoplasmic, carboxyl-terminal regions of Tac and vice versa ([Fig. 1 B](#fig1){ref-type="fig"}). In contrast to the trafficking of endogenous CD44 and CD147, the chimeras harboring the TM and carboxyl-terminal regions of Tac localized to the EEA1-endosomal compartment and were less apparent in the tubular recycling endosomes ([Fig. 1 C](#fig1){ref-type="fig"}, CD44-Tac-Tac, CD147-Tac-Tac**)**. However, those chimeras containing the TM and carboxyl-terminal sequences of either CD44 or CD147 were not observed in EEA1-positive endosomes but instead in recycling tubules ([Fig. 1 C](#fig1){ref-type="fig"}, Tac-44-44, Tac-147-147). For CD147, we dissected this further and found that the Tac-Tac-147 chimera had a trafficking itinerary similar to CD147. This chimera accumulated in the tubular recycling endosomes and rarely colocalized with EEA1 after 1 h of internalization ([Fig. 1 C](#fig1){ref-type="fig"}, Tac-Tac-147), whereas the chimeras containing only the TM domain of CD147 behaved more like Tac (not depicted). Thus, cytoplasmic sequences contained within these CIE cargo proteins are sufficient to rapidly direct these proteins to the tubular recycling endosomes avoiding residence in EEA1-associated endosomes. Although the carboxyl-terminal region of CD147 alone was sufficient to direct Tac trafficking, Tac-Tac-147 was poorly expressed at the PM and thus subsequent mutagenesis was performed on Tac-147-147, hereafter referred to as Tac-CD147.

Conserved amino acids contribute to the sorting of CD147 into the tubular endosome
----------------------------------------------------------------------------------

We noticed two highly conserved clusters of acidic amino acids in the cytoplasmic tail of CD147 (aa 236--246; [Fig. 2 A](#fig2){ref-type="fig"}). To investigate the role of these conserved amino acids in the distinct endosomal sorting of CD147, we studied the trafficking of different carboxyl-terminal truncations of the Tac-CD147 chimera. We observed that the Tac-CD147(235) chimera, which lacks the acidic cluster region, colocalized with EEA1 in endosomal structures and only weakly colocalized to the recycling tubules, similar to Tac ([Fig. 2, B and C](#fig2){ref-type="fig"}). Conversely, the Tac-CD147 truncations that include the acidic clusters (Tac-CD147(246) and Tac-CD147(261)) exhibited a trafficking itinerary analogous to Tac-CD147 and CD147. These chimeras avoided going to the EEA1-positive endosomes and were directly delivered to the tubular endosomes ([Fig. 2, B and C](#fig2){ref-type="fig"}). Mutation of the acidic residues within the cluster to Ala in full-length Tac-CD147 also led to a successive shift from avoiding to localizing to EEA1 compartments ([Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201208172/DC1){#supp1}). However, as the chimera with the mutated residues still was observed in recycling tubules, the acidic residues are not the only signal recognized by the sorting machinery.

![**CD147 cytoplasmic sequence is sufficient for sorting directly into the recycling route.** (A) Sequence alignment of the cytoplasmic tail (carboxyl terminal) of CD147, showing location of the truncated constructs at positions 235, 246, and 261. Identical sequences are highlighted in red, strongly similar in blue, and weakly similar in green. (B) Tac-CD147 carboxyl-terminal truncations were expressed in HeLa cells, and their locations were assessed after internalization for 1 h at 37°C using an anti-Tac antibody. Cells were fixed and processed for immunofluorescence as described in Materials and methods. Insets show enlarged views of the boxed regions. (C) The percentage of colocalization of internal Tac-CD147 truncated chimeras with EEA1 was quantified using MetaMorph software (see Materials and methods). The data presented is the mean of three independent experiments ± SD (error bars). (D) Cells expressing the different Tac-CD147 chimeras were incubated with anti-Tac for 1 h at 37°C. Then the cells were washed with media and chased in media containing 15 mM NH~4~Cl for 22 h. The arrow in the top row points to the cell surface. Other arrows point to tubular endosomes. The chimeric proteins were visualized with Alexa Fluor 488--conjugated goat anti--mouse, and late endosomes were visualized with antibodies to Lamp1. Bars: (B and D) 10 µm; (B, insets) 5 µm.](JCB_201208172_Fig2){#fig2}

Recent work from our group demonstrated that CD147 has the ability to avoid degradation in lysosomes by direct delivery to the tubular recycling endosomes ([@bib11]). Because EEA1-positive endosomes have been considered as preselection compartments for delivery to multivesicular bodies and further degradation of the cargo ([@bib24]), we sought to investigate whether the cytoplasmic domain of CD147 was sufficient for Tac to evade transport to late endosomes. To test this, we allowed cells to internalize antibody-bound cargo for 1 h, then removed the unbound antibody and chased the cargo in complete media in the presence of ammonium chloride to inhibit lysosomal proteases and block degradation. As expected, Tac accumulated in Lamp1-positive endosomes after 22 h with little antibody-bound Tac remaining at the cell surface ([Fig. 2 D](#fig2){ref-type="fig"}, top). In contrast, in addition to some present in lysosomes, a substantial amount of Tac-CD147 and Tac-CD147(261) still remained on the cell surface and in recycling tubules ([Fig. 2 D](#fig2){ref-type="fig"}, second and fourth row). However, the truncated mutant, Tac-CD147(235), was efficiently delivered to the Lamp1-positive lysosomes ([Fig. 2 D](#fig2){ref-type="fig"}, third row) and was mostly absent from the surface, similar to Tac. These data indicate that the cytoplasmic domain of CD147 is sufficient to redirect the trafficking of Tac to the recycling route, preventing transport to late endosomes. We have also observed that the cytoplasmic portion of CD98, a type-II membrane protein that follows the same trafficking itinerary as CD147 and CD44 ([@bib10]), also dictates its intracellular itinerary (unpublished data).

Hook1 interacts with the cytoplasmic region of CD147 and colocalizes with CIE cargo proteins in the tubular recycling compartment
---------------------------------------------------------------------------------------------------------------------------------

To identify proteins interacting with the cytoplasmic domain of CD147, we performed a yeast two-hybrid (Y2H) screen. We used the cytoplasmic tail of CD147 as the bait and a normalized universal human cDNA library as prey. We identified a 694-nucleotide-long cDNA coding for the carboxyl-terminal domain and a portion of the coil-coiled region of the Hook1 protein, hereafter referred to as Hook1-Y2H ([Fig. 3, A and B](#fig3){ref-type="fig"}). We isolated the same Hook1 clone nine times in the screen. Directed two-hybrid experiments using a CD147 cytoplasmic tail acidic cluster mutant bait where the acidic residues were mutated to Ala showed no interaction with Hook1-Y2H under high stringency conditions for growth ([Fig. 3 A](#fig3){ref-type="fig"}). However, some interaction was observed under low stringency conditions (unpublished data). We did not observe any interaction of Hook1-Y2H with the cytoplasmic tail of CD44 (unpublished data). To confirm the interaction between CD147 and Hook1 in mammalian cells, we tested whether both proteins could be coprecipitated from whole cell lysates. HeLa cells were cotransfected with Hook1-Y2H and SNAP-tagged CD147. We labeled cells expressing SNAP-CD147 with BG-PEG~4~-biotin and looked for Hook1 in streptavidin precipitations. The Hook1-Y2H carboxyl-terminal domain associated with SNAP-CD147 ([Fig. 3 C](#fig3){ref-type="fig"}). We could also detect an interaction between the Hook1-Y2H domain and CD98-SNAP ([Fig. 3 C](#fig3){ref-type="fig"}); however, we did not capture this complex with SNAP-CD44 (not depicted). Unfortunately, we could not detect full-length Hook1, whether endogenous or overexpressed, binding to SNAP-CD147, CD98-SNAP, or endogenous CD147 or CD98.

![**Hook1 interacts with the cytoplasmic tail of CD147 and CD98 through its carboxyl-terminal region.** (A) Y2H analysis of the interaction between the cytoplasmic sequence of CD147 and the carboxyl-terminal sequence of Hook1. Yeast cells coexpressing CD147 carboxyl-terminal tail or the CD147 carboxyl-terminal acidic-cluster mutant (prey) and the carboxyl-terminal sequence of Hook1 or the pGBKT7 empty vector (bait) were grown on high-stringency plates. Growth on the --Leu/--TRP plate confirmed the expression of bait and prey plasmids (see Materials and methods for details about the Y2H screen). (B) Schematic representation of the domain organization of Hook1 (the amino terminus is shown in yellow; aa 1--168, coiled-coil region in blue; carboxyl terminus in pink, aa 659--728). Y2H clone encoding for amino acids 486--728 of Hook1. (C) BG-biotin--labeled SNAP-CD147 and CD98-SNAP were immunoprecipitated from lysates of cells coexpressing the Hook1 Y2H clone and separated on SDS--PAGE and immunoblotted as described in Materials and methods. The Hook1 Y2H clone was detected with rabbit anti-Hook1 and visualized with goat anti--rabbit 800 (bottom). The biotin-labeled SNAP-CD147 and CD98-SNAP were detected with NeutrAvidin DyLight-680 (top). For post-immunoprecipitation lysate (lanes 7--12), 1/10 of total protein was loaded.](JCB_201208172_Fig3){#fig3}

Hook1 belongs to the Hook protein family ([@bib22]; [@bib23]), a group of cytosolic coiled-coil proteins that contain a conserved amino-terminal domain, which can associate with microtubules, a central coiled-coil region important for oligomerization, and a more divergent carboxyl-terminal domain ([Fig. 3 B](#fig3){ref-type="fig"}). The carboxyl-terminal domain is thought to mediate the binding of Hook proteins to intracellular organelles. Hook1 is known to localize to cytoplasmic structures devoid of EEA1, Lamp-1, or other organellar markers ([@bib46]). Hook proteins have been described as factors that facilitate the attachment of organelles to microtubules ([@bib46]).

We examined the distribution of endogenous Hook1 in HeLa cells using a rabbit anti-Hook1 antibody ([@bib46]). Endogenous Hook1 partially colocalized with internalized CD147, CD44, and also with CD98. We observed Hook1 with the cargo in the tubular recycling endosomes and on endosomal structures near the tubules ([Fig. 4 A](#fig4){ref-type="fig"}). Hook1 showed a distinctive distribution on the tubes, labeling some but not all of the cargo containing tubules ([Fig. 4, A and B](#fig4){ref-type="fig"}, and insets). Overexpression of Hook1 did not affect its colocalization with CIE cargo proteins ([Fig. 4 B](#fig4){ref-type="fig"}) nor induce any noticeable phenotype. We observed colocalization of HA-Hook1 and the CIE cargo on endosomes, on tubules, and at branching points and swollen regions of the tubular recycling network ([Fig. 4 B](#fig4){ref-type="fig"}, bottom).

![**Hook1 colocalizes with CD44, CD98, and CD147 on tubular endosomes.** (A) HeLa cells were incubated with anti-CD147, anti-CD44, or anti-CD98 for 30 min at 37°C to allow the internalization of the cargo-bound antibodies. After internalization, cells were treated for 1 min with 10 µg/ml digitonin and then fixed. Endogenous Hook1 was localized using a rabbit anti-Hook1 antibody. Arrows point to tubular endosomes. (B) HeLa cells overexpressing HA-Hook1 were incubated with anti-CD147 antibody for 30 min at 37°C and processed for immunofluorescence. Enlargements of the two boxed regions are shown below. Arrows in the middle row indicate tubes, and arrows in the bottom row indicate swollen regions of the tubes. (C) After antibody internalization, endogenous CD147 (green; Alexa Fluor 488) and endogenous Hook1 (red; Alexa Fluor 568) were visualized using super-resolution fluorescence microscopy (SIM). This image is one projection of a 3D SIM image of a region of interest in the cell where CD147 colocalizes with Hook1 on tubular endosomal structures. Insets show enlarged views of the boxed regions. (D) Projection of a 3D image (from C, box 1) from 0° to 18° with 2° increments showing colocalization between CD147 (green) and Hook1 (red) at the end of a tubular endosome. (E) Montage of a 3D image (from C, box 2) from 0° to 10° with 2° increments showing CD147 (green) and Hook1 (red) together on an endosome (F). Endogenous Hook1 (red) and internalized CD98 (green) colocalized in tubular endosomes. Shown is a montage of a projection of a 3D image from 0° to 12° with 2° increments. Arrows in C--F point to Hook1 and cargo colocalization positions. Bars: (A--C) 10 µm; (A, insets) 3 µm; (B, insets) 5 µm; (C, inset) 3 µm; (D) 2 µm; (E and F) 1 µm.](JCB_201208172_Fig4){#fig4}

To obtain higher-resolution images, we used a wide-field super-resolution imaging system ([@bib14]), the OMX structured illumination microscope. With this microscope we could resolve the endosomal tubules as aligned puncta labeled with the cargo (CD147) in green and Hook1 in red ([Fig. 4 C](#fig4){ref-type="fig"} and [Video 1](http://www.jcb.org/cgi/content/full/jcb.201208172/DC1){#supp2}). Hook1 can be seen labeling the end of a tubule in box 1 of [Fig. 4 C](#fig4){ref-type="fig"} (montage shown in [Fig. 4 D](#fig4){ref-type="fig"} and [Video 2](http://www.jcb.org/cgi/content/full/jcb.201208172/DC1){#supp3}). Rotation of the volume image in [Fig. 4 D](#fig4){ref-type="fig"} confirms that Hook1 decorates the end of the tubule (see Video 2). In another example ([Fig. 4 C](#fig4){ref-type="fig"}, box 2; and [Fig. 4 E](#fig4){ref-type="fig"}), Hook1 remains associated with one of the cargo puncta associated with the tubule ([Video 3](http://www.jcb.org/cgi/content/full/jcb.201208172/DC1){#supp4}). Lastly, imaging of a sample loaded with CD98 antibodies also showed distinct colocalization of Hook1 associated with a tubule containing CD98 cargo ([Fig. 4 F](#fig4){ref-type="fig"} and [Video 4](http://www.jcb.org/cgi/content/full/jcb.201208172/DC1){#supp5}). Thus, through both conventional confocal microscopy and 3D structured illumination microscopy (SIM), we demonstrate that endogenous Hook1 colocalizes with endosomes containing CD147 and CD98.

Microtubules are required for sorting cargo away from EEA1 compartments
-----------------------------------------------------------------------

Hook1 can associate with microtubules, and an intact microtubule network is required for the formation of endosomal tubules. Thus, we wanted to learn whether the binding of Hook1 to microtubules was required for sorting of CD147. In cells treated with nocodazole, a microtubule-depolymerizing agent, the tubules were absent, and internalized CD147 and Hook1 colocalized in scattered endosomal structures ([Fig. 5 A](#fig5){ref-type="fig"}). These scattered endosomal structures containing CD147 now colocalized with EEA1 ([Fig. 5 B](#fig5){ref-type="fig"}) and to a lesser extent with TfRs ([Fig. 5 C](#fig5){ref-type="fig"}). Thus, the absence of microtubules led to a loss of sorting for CD147 with Hook1 associated with endosomes, but unable to connect with microtubules.

![**Endosomal sorting of CD147 requires microtubules.** (A) HeLa cells overexpressing HA-Hook1 were untreated (Control) or pretreated with nocodazole for 2 h at 37°C before anti-CD147 antibody internalization for 30 min. (B) Untransfected HeLa cells were treated as described in A and then fixed and labeled with antibodies to EEA1. (C) Cells were incubated with CD147 antibody and Alexa Fluor 594--conjugated transferrin for 30 min at 37°C in control or nocodazole-containing media. Then the cells were fixed and stained with the respective secondary antibodies. Insets show enlarged views of the boxed panels. Bars: (A--C) 10 µm; (A and B, insets) 5 µm; (C, insets) 3 µm.](JCB_201208172_Fig5){#fig5}

Hook1 and Rab22 function together to sort cargo into tubular endosomes
----------------------------------------------------------------------

Given that Hook1-Y2H interacts with CD147 by Y2H and coimmunoprecipitation, we asked whether expression of Hook1-Y2H could prevent the binding of endogenous Hook1 to CD147 by acting as a dominant-negative and thus altering trafficking. Strikingly, cells expressing Hook1-Y2H-HA had no tubular endosomes and CD147 was concentrated in punctate structures resembling EEA1-associated endosomes ([Fig. 6 A](#fig6){ref-type="fig"}). Although we were unable to localize Hook1, EEA1, and CD147 in the same cells due to antibody limitations, we did look at the distribution of CD147 in Hook1-Y2H--transfected cells lacking tubular endosomes. In those cells, the CD147 localized to endosomal structures labeled with EEA1 ([Fig. S2](http://www.jcb.org/cgi/content/full/jcb.201208172/DC1){#supp6}). The failure to load CD147 into the tubules and avoid EEA1 compartments was also observed for CD44 and CD98 (unpublished data). We also noted a decrease in the amount of cargo internalized in many cells. Quantifying the proportion of cells exhibiting tubular endosomes, we found that \<10% of the cells expressing Hook1-Y2H showed tubular endosomes. In contrast, almost 100% of control cells contained cargo-loaded tubules ([Fig. 6 B](#fig6){ref-type="fig"}). Expression of Hook1-Y2H not only blocked transport to the tubule but also resulted in the loss of tubules as marked by expressed H-Ras (unpublished data), which is present normally on these tubules ([@bib33]). These results demonstrate that the carboxyl-terminal sequence of Hook1 can act as a dominant-negative, causing CD147 and other CIE cargo to reach the EEA1 endosomes. Moreover, the data suggest that Hook1 plays a role in maintaining the integrity of the tubular endosomal compartment that has been implicated in CIE cargo recycling ([@bib13]; [@bib28]).

![**Expression of Hook1-Y2H results in loss of the recycling tubular endosomal compartment and the targeting of CIE cargo to EEA1-containing endosomes.** (A) HeLa cells expressing endogenous levels of Hook1 (top), overexpressing Hook1-Y2H-HA (middle), or coexpressing Hook1-Y2H-HA and GFP-Rab22a (bottom) were incubated with anti-CD147 antibody for 1 h at 37°C to allow internalization of bound antibodies. Hook1-Y2H was localized using a rabbit anti-HA antibody. (B) The degree of restoration of the tubular endosomal network in Hook1-Y2H--expressing cells by GFP-Rab22a overexpression was determined by calculating the percentage of cells in each population exhibiting tubular endosomes. The data presented is the mean of three independent experiments ± SD (error bars). More than 100 cells were scored for each sample. Bars, 10 µm.](JCB_201208172_Fig6){#fig6}

The loss of tubular endosomes caused by expression of Hook1-Y2H was very similar to the phenotype manifested by cells expressing a dominant-negative Rab22a (Rab22a S19N) that is defective in GTP binding ([@bib48]). Rab22a activation regulates the recycling of MHCI by controlling the formation of the tubular membranes. Rab22a localizes to tubular recycling endosomes, where it colocalizes with cargo and Arf6 ([@bib48]). We wondered whether expression of Rab22a could overcome the Hook1 dominant-negative effect and restore the tubular endosomal system. Cells were cotransfected with Hook1-Y2H and GFP-Rab22a, and the distribution of CD147 was analyzed after internalization. Remarkably, overexpression of GFP-Rab22a was sufficient to restore the tubular recycling network in Hook1-Y2H--expressing cells ([Fig. 6 A](#fig6){ref-type="fig"}, bottom). Whereas only 5% of cells expressing Hook1-Y2H exhibited tubular endosomes, in cells coexpressing Rab22a this rose to 70%, close to the level observed in untransfected cells ([Fig. 6 B](#fig6){ref-type="fig"}). Expression of constitutively active Rab22a also rescued the Hook1-Y2H phenotype, but expression of Rab22a S19N did not (unpublished data). The rescue of Hook1-Y2H with Rab22a was specific, as neither Rab5 nor Rab35 could do this (unpublished data).

Because Rab22a overexpression restored the tubular network in cells expressing Hook-Y2H, we tested whether overexpression of wild-type Hook1 could rescue the loss of recycling tubules observed in cells expressing Rab22 S19N. We transiently cotransfected Rab22a S19N and HA-Hook1 in HeLa cells and then looked at the trafficking itinerary of CD147 in these cells. As described previously ([@bib48]), in cells expressing only Rab22a S19N, the tubular recycling endosomes were lost and the cargo was observed in small internal punctate structures ([Fig. 7 A](#fig7){ref-type="fig"}). However, coexpression of HA-Hook1 led to the restoration of tubular recycling endosomes in nearly 70% of cells and redistribution of CD147 to the tubular endosomes ([Fig. 7, A and B](#fig7){ref-type="fig"}). Together, these results suggest that the activities of Rab22a and Hook1 are required at the same step during the segregation of the cargo, potentially in a sorting endosome that is Rab5 positive and EEA1 negative. Rab22a and Hook1 activities may be working in coordination to achieve the successful segregation of the CIE cargo into the recycling route of the pathway.

![**Hook1 and Rab22a regulate the sorting of CIE cargo proteins into the recycling tubular compartment.** (A) HeLa cells expressing GFP-Rab22a S19N alone or coexpressing GFP-Rab22a S19N and HA-Hook1 were allowed to internalize anti-CD147 antibodies for 30 min at 37°C. HA-Hook1 was visualized using rabbit anti-HA and Alexa Fluor 594--conjugated anti--rabbit antibodies. Bars, 10 µm. (B) Quantitative analysis of the percentage of GFP-Rab22a S19N cells exhibiting tubular endosomes loaded with CD147 in the absence or presence of HA-Hook1. Data presented in the graph are the mean of three independent experiments ± SD (error bars).](JCB_201208172_Fig7){#fig7}

Depletion of Hook1 or Rab22a inhibits the endosomal sorting of CIE cargo into the tubular recycling endosomes
-------------------------------------------------------------------------------------------------------------

The fact that Hook1 and Rab22a mutually rescue the phenotypes of their respective dominant-negatives led us to hypothesize that both act during the sorting step and are required for delivery of the cargo to the tubular recycling compartment. Our group has previously demonstrated that siRNA-mediated depletion of Rab22a negatively affects the recycling of CIE cargo and dramatically reduces the formation of tubular recycling endosomes ([@bib48]). We first examined the effects of Rab22a depletion on the sorting of CIE cargo proteins. Using siRNA in HeLa cells, Rab22a levels were reduced to 13% of that of control cells ([Fig. 8 A](#fig8){ref-type="fig"}). The number of cells with tubular endosomes for all CIE cargo proteins was reduced substantially in cells depleted of Rab22a ([Fig. 8 B, C and D](#fig8){ref-type="fig"}). Furthermore, CD147 and CD98 were now associated with EEA1-labeled endosomes to similar levels to that of MHCI ([Fig. 8 B, C and E](#fig8){ref-type="fig"}). Thus, for all CIE cargo proteins, loss of Rab22a leads to loss of the tubules associated with recycling and an increased colocalization with EEA1.

![**Depletion of Rab22a affects CIE cargo tubular endosome biogenesis and sorting into EEA1-associated endosomes.** (A) Rab22a protein levels in control or siRNA-treated cells were determined using Western blotting of cell lysates with an antibody against Rab22a and actin (loading control). (B and C) Control- or siRNA-treated cells were allowed to internalize antibody to CD147 and CD98 for 1 h at 37°C and processed for immunofluorescence and confocal microscopy. (D) Control- or siRNA-treated cells were scored for CIE cargo-containing tubules as described in Materials and methods. Results presented in the graph are the means of two independent experiments. (E) Quantitative analysis of colocalization between EEA1 and CIE cargo in control- and siRNA-treated cells. The graph shows the mean and standard deviation for the population of cells (20 cells per condition) from one representative experiment, repeated twice. Bars: (B and C) 10 µm; (B and C, insets) 5 µm.](JCB_201208172_Fig8){#fig8}

Next, we used siRNA directed against Hook1 and were able to reduce levels of Hook1 to 10% of control cells ([Fig. 9 A](#fig9){ref-type="fig"}). In Hook1-depleted cells, the percentage of cells showing tubular endosomes loaded with either CD147 ([Fig. 9 B](#fig9){ref-type="fig"}) or CD98 ([Fig. 9 C](#fig9){ref-type="fig"}) was reduced down to the level that was observed for MHCI-containing tubules ([Fig. 9 D](#fig9){ref-type="fig"}) but not to the level observed with Rab22a depletion ([Fig. 8 D](#fig8){ref-type="fig"}). However, the depletion of endogenous Hook1 caused a significant increase in the degree of colocalization of CD147 and CD98 with EEA1 close to the level observed for MHCI, which was not significantly affected by depletion of Hook1 ([Fig. 9, B, C, and E](#fig9){ref-type="fig"}). The specific effects of Hook1 depletion on the segregation and distribution of CD147 and CD98 suggest that Hook1 functions to sort these proteins directly to the recycling compartment and away from EEA1-associated endosomes.

![**Depletion of Hook1 affects tubular endosome formation and endosomal sorting of CIE cargo proteins.** HeLa cells were treated with On-TARGET plus SMARTpool siRNA directed against Hook1 as described in Materials and methods. (A) Western blot showing the reduction of Hook1 protein levels in siRNA-treated versus control cells. Hook1 was detected using rabbit anti-Hook1 antibody and Alexa Fluor 680--conjugated anti--rabbit antibody. Actin was used as a loading control. (B and C) Control and Hook1 siRNA-depleted cells were incubated with CD147, CD98, and MHCI antibodies for 1 h at 37°C. After internalization, the cells were fixed and processed for immunofluorescence. Insets show enlarged views of the boxed regions. (D) Quantitative analysis of the percentage of cells exhibiting tubular endosomes loaded with CD147, CD98, and MHCI in control versus Hook1 siRNA-depleted cells. Data presented is the mean of three independent experiments ± SD (error bars). (E) The percentage of colocalization between CIE cargo and EEA1 after Hook1 depletion was determined using MetaMorph software (see Materials and methods). The graphs shows the mean and standard error for the population of cells (error bars; 20 cells per condition) from one experiment, repeated three times. Bars: (B and C) 10 µm; (B and C, insets) 5 µm.](JCB_201208172_Fig9){#fig9}

Depletion of Hook1 inhibits recycling of CD98 and cell spreading
----------------------------------------------------------------

Because the loss of Hook1 resulted in a change in the trafficking itinerary of CD147 and CD98 to one resembling that of MHCI, we wondered whether loss of Hook1 would affect the recycling of CD147, CD98, and MHCI. To do this, we used a fluorescence-based assay used previously ([@bib48]). In brief, antibodies to CD98 and MHCI and Alexa Fluor 594--conjugated transferrin were allowed to enter cells for 30 min. The surface antibodies were then removed, and reappearance of antibodies back to the cell surface or loss of labeled transferrin was measured after a 30-min recycling period. In control cells, we found that 39% of CD98, 16% of MHCI, and 58% of TfR was recycled back to the PM during this period ([Fig. 10 A](#fig10){ref-type="fig"}). In Hook1-depleted cells, the recycling of CD98 was significantly inhibited from 39% to 8%, whereas recycling of MHCI and TfR was not affected ([Fig. 10 A](#fig10){ref-type="fig"}). Thus, Hook1 specifically facilitates the sorting and recycling of CD98, and presumably also that of CD44 and CD147.

![**Hook1 depletion inhibits recycling of CD98 and cell spreading in HeLa cells.** (A) The amount of protein recycled back to the PM for CD98, MHCI, and the TfR in control and Hook1 siRNA-depleted cells was determined using the protocol described in Materials and methods. Cells were incubated with antibodies against CD98 or MCHI, or loaded with Alexa Fluor 594-Tf for 30 min at 37°C. After internalization, remaining surface-bound antibody was removed by a brief acid wash. Then the cells were incubated for 30 min at 37°C to allow recycling. The percentage of recycling for each cargo proteins was calculated, and shown here is the mean recycling from three independent experiments ± SD (error bars). To confirm the statistical significance of the results, the two-tailed Student's *t* test was used. For CD98 recycling, the p-value for control versus Hook1-depleted cells was P \< 0.05. For MHCI and TfR recycling, the values were not significantly different. (B) Control and Hook1 siRNA-treated cells were detached from the culture dish and replated onto coverslips for 6 h. The cells were fixed and stained with rhodamine phalloidin to facilitate the visualization and scoring of the phenotype. Bar, 10 µm. (C) The percentage of attached cells on the coverslips that were spread was determined by scoring \>100 cells. The data shown are the means of "% cells spread" from three independent experiments ± SD (error bars).](JCB_201208172_Fig10){#fig10}

Previous work demonstrated that membrane recycling of CIE cargo is required for cell spreading in HeLa cells ([@bib42]). Upon Arf6 inactivation or expression of the GTP binding--defective mutant of ARF6 T27N, the recycling of internalized membranes is inhibited, resulting in inhibition of cell spreading ([@bib42]; [@bib38]; [@bib1]). Because the reduction of endogenous Hook1 protein levels redirected CD98 and CD147 to the EEA1-positive endosomes ([Fig. 9](#fig9){ref-type="fig"}) and led to an inhibition of recycling of CD98 ([Fig. 10 A](#fig10){ref-type="fig"}), we wondered whether Hook1-mediated trafficking of CIE cargo proteins was required for cell spreading. To answer this question, Hook1 siRNA-treated cells were detached from the culture dish and replated onto coverslips for 6 h. The cells were fixed and stained with rhodamine phalloidin to facilitate the visualization and scoring of the phenotype. At 6 h, the control cells were mostly spread, whereas the majority of the siRNA-treated cells were attached but still rounded ([Fig. 10 B](#fig10){ref-type="fig"}). We quantified the cells that were spread and found that at 6 h, 60% of control cells were spread, whereas only 27% of the siRNA-treated cells exhibited that phenotype ([Fig. 10 C](#fig10){ref-type="fig"}). This finding suggests that it may be the recycling of proteins such as CD44, CD98, and CD147 that is required for cell spreading and that Hook1 facilitates cell spreading through the sorting of these CIE cargo proteins for efficient recycling.

Discussion
==========

CIE is thought to be a nonselective process for internalization of bulk membrane ([@bib15]; [@bib41]). Here we show that after endocytosis of bulk membrane by CIE, some cargo proteins (CD44, CD98, and CD147) are recognized and sorted on endosomes by Hook1, acting with Rab22a, to facilitate rapid routing of this cargo to recycling endosomes, avoiding the default route to EEA1-associated endosomes and lysosomes.

An examination of the cytoplasmic tails of all CIE cargo proteins reveals no common sequence information, which is consistent with the lack of cargo selection at the endocytic step. However, an altered intracellular itinerary is taken by some of these cargo proteins (CD147, CD44, and CD98; [@bib10]), and in this study we identified cytoplasmic sequences in CD147 and CD44 that were sufficient to redirect the trafficking of Tac, a reporter protein. One feature common to the cytoplasmic tails of CD147, CD44, and CD98 is the presence of acidic amino acid pairs or clusters. In contrast, the cargo that traffics along the default pathway (Tac, MHCI, Glut1, and GPI-APs CD55 and CD59) lacks such di-acidic residues. The acidic residues in CD147 contributed to endosomal sorting in that mutation of these residues led to impaired sorting and lack of interaction in the Y2H screen. However, sorting was not completely lost when the acidic residues were mutated, which suggests that other sequences may contribute to the sorting. A sorting role for a single leucine (at position 248 in the human sequence) in basolateral targeting of CD147 in MDCK cells has been reported ([@bib8]); however, we did not observe altered trafficking of a leucine mutant of CD147 (unpublished data). Acidic clusters have been observed in other PM proteins entering cells by CIE. The inwardly rectifying K channel, Kir3.4, contains clusters of acidic amino acids that were found to be critical for maintaining these channels at the cell surface ([@bib12]). As these proteins become trapped in vacuoles generated by expression of Arf6 Q67L, it is likely that Kir3.4 travels along the CIE pathway, is sorted along with CD147, CD44, and CD98, and might be sorted via Hook1.

The evidence for sorting of proteins on endosomes is increasing and has been observed for those proteins entering by CIE and CME. Distinct cytoplasmic sequences on G protein--coupled receptors promote sorting out of early endosomes to facilitate receptor recycling after ligand-stimulated CME ([@bib36]). Phenylalanine-containing clusters in the cytoplasmic portion of the TfR may be important for normal rate of recycling of the receptor ([@bib7]). Interestingly, two cargo proteins that enter cells by the CIE pathway described here, CD44 and syndecan 2, both contain carboxyl-terminal PDZ binding motifs. In the case of syndecan 2, the PDZ domain protein syntenin is required for syndecan 2 to recycle back to the surface ([@bib51]). The identification of the machinery that recognizes and sorts these different cargo proteins will likely include roles for sorting nexins, ubiquitin-interacting proteins, and the known Rabs and EHD proteins implicated in various recycling pathways ([@bib13]; [@bib28]).

We found that Hook1 specifically binds to CD147 and facilitates the microtubule-dependent sorting of CD147, CD44, and CD98 away from EEA1-positive endosomes and into recycling tubules. Hook1 is well suited to perform such a function, as it contains an amino-terminal domain associated with microtubule binding and a carboxyl-terminal domain associated with cargo binding. The Hook protein was originally identified in *Drosophila melanogaster*, where it functions in the trafficking to late endosomes ([@bib22]; [@bib43]). There are three mammalian Hook proteins. Hook2 has been localized to the centrosome ([@bib44]) and Golgi ([@bib3]), and has been shown to be involved in the formation of the primary cilium ([@bib3]). Hook3 also localizes to the Golgi ([@bib46]). We found partial colocalization of endogenous Hook1 with CD147 and other CIE cargo proteins in tubular endosomes, and this localization was enhanced in the absence of microtubules. We could detect a biochemical interaction of CD147 and CD98 with the carboxyl-terminal domain of Hook1, but not with the full-length protein. This might be caused by some type of autoinhibitory or regulatory interaction of the full-length protein that we are currently examining in more detail. Two other proteins have been identified that interact with the carboxyl-terminal region of Hook1. These are the Vps18 subunit of the HOPs complex ([@bib39]) and AKTIP ([@bib49]), an E2 ubiquitin-conjugating enzyme also known as FTS. We do not know whether the interaction of these proteins with Hook1 plays a role in sorting of CD147, but the fact that these proteins may form larger complexes suggests that the Hook1-associated machinery interacting with and sorting CIE cargo proteins might involve other components.

Indeed, another component of the sorting machinery is Rab22a, which we previously showed to be required for the formation of the recycling endosomal tubules in HeLa cells ([@bib48]). Here we extend Rab22a function to that of assisting Hook1 in the sorting of CIE cargo (CD44, CD98, and CD147) into the tubules. Hook1 has been shown to coimmunoprecipitate with overexpressed Rab7, Rab9, and Rab11, which suggests that Hook1 might interact with endosomal Rabs ([@bib25]); however, for Rab22a, we could not see a direct interaction with Hook1. Although we could not detect direct biochemical interaction between Hook1 and Rab22a, these two proteins seem to be acting at the same sorting step in cells, given that each effectively rescued the dominant-negative phenotypes induced by the other. Because dominant-negative proteins often sequester essential components, this striking characteristic for Hook1 and Rab22 suggests that they may be interacting with additional components to relieve the mutant phenotypes. Rab22a has been implicated in TfR recycling in other cells ([@bib26]) and in preventing phagosome maturation in cells harboring mycobacteria ([@bib40]), a phenotype of lysosome avoidance that is consistent with observations reported here. A similar coordination between a Hook and a Rab has been observed in that Rab8 overexpression suppresses the effect of Hook2 knockdown on ciliogenesis ([@bib3]). Given the microtubule dependence of cargo sorting and the connection of Hook1 with microtubules, it is likely that Hook1 and Rab22a act together with a microtubule motor protein such as a kinesin or dynein ([@bib17]).

This sorting at the level of the endosome provides a means to monitor protein quality control of cell surface proteins. By sampling the PM by bulk endocytosis, PM proteins can be monitored and sorted, allowing some proteins to recycle back out to the PM, and for misfolded or malfunctioning, ubiquitinated cargo to be sent on to degradation. Further investigations will identify additional signals that can influence this sorting; e.g., how ubiquitination of CIE cargo proteins could affect their sorting on endosomes.

The proteins that are directly sorted into recycling tubules, CD44, CD98, and CD147, are all implicated in cell--cell and cell--matrix interactions. As such, they may be important cell surface components that influence cell adhesion and migratory properties, and as we observed here are important for cell spreading. CD44 is a hyaluronan receptor ([@bib52]) and can influence growth factor signaling ([@bib32]). CD98 plays an important role in nutrient uptake through its association with amino acid transporters ([@bib50]), and interacts with and influences integrin trafficking and signaling ([@bib5]). CD147, also known as Basigin or EMMPRIN (extracellular matrix metalloproteinase inducer) associates with integrins and monocarboxylate transporters, and interacts with matrix metalloproteases ([@bib20]). Levels of CD44, CD98, and CD147 are elevated in many cancers, which suggests that the rapid recycling and avoidance of degradation observed here could contribute to this phenotype. The ability of cells to segregate and rapidly recycle these proteins might be carefully regulated in tissues during development and turned on during wound healing and cancer cell metastasis. Identifying additional sorting components and understanding the mechanism of how these proteins are sorted on endosomes could lead to novel therapeutic targets.

Materials and methods
=====================

Cells, reagents, and antibodies
-------------------------------

HeLa cells were cultured in DMEM (Lonza) with 10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin and grown in a 5% CO~2~ atmosphere at 37°C. Nocodazole, saponin, and digitonin were from Sigma-Aldrich. BG-PEG~4~-biotin was synthesized by conjugating a 1:1 molar ratio of BG-NH2 (Toronto Research Chemicals) with NHS-PEG~4~-biotin (Thermo Fisher Scientific) in dimethylformamide and a threefold molar excess of triethylamine for 16 h at 30°C. Analysis of the product (m/z 744.4) was performed on an high-pressure liquid chromatograph (1100 series; Agilent Technologies) with electrospray ionization and detected by a mass spectrometer (model G1946) equipped with a time-of-flight detector (Agilent Technologies).

Mouse monoclonal antibodies to human CD147 (clone HIM6; IgG1), human CD98 (clone MEM-108; IgG1), and human CD44 (clone BJ18; IgG1) were from BioLegend and used at a 1:250 dilution for antibody internalization experiments. Mouse monoclonal antibodies to rat CD147 (clone OX-47; IgG1) were used to look at the distribution of the CD147-Tac chimera at a 1:100 dilution (BioLegend). Mouse monoclonal antibodies to human MHCI (clone W6/32; IgG2a) were used in antibody uptake experiments at a 1:100 dilution (BioLegend). Culture supernatants from a hybridoma cell line for mouse anti-Tac (clone 7G7B6; IgG2a) diluted 1:5 were used in immunofluorescence and antibody uptake experiments ([@bib29]). The rabbit polyclonal antibody anti--human Rab22a was raised against the carboxyl terminus of human Rab22a (1:500 dilution for immunoblotting; [@bib48]). A rabbit polyclonal anti--human Hook1 directed against the carboxyl terminus of Hook1 was used to detect the protein by immunoblotting (1:2,000) and immunofluorescence (1:1,000; [@bib46]). Rabbit anti-EEA1 and rabbit anti-Lamp1 were purchased from BD and Abcam, respectively. Rabbit antibodies to HA (clone 16B12; 1:1,000) were from Covance. Rabbit anti-actin antibodies were from Sigma-Aldrich (clone A 2066; 1:5,000). All secondary antibodies (Alexa Fluor 488--conjugated goat anti--mouse, Alexa Fluor 594--conjugated goat anti--mouse and goat anti--rabbit, Alexa Fluor 633--conjugated goat anti--rabbit, and Alexa Fluor 568--conjugated goat anti--rabbit) were used at a dilution of 1:500 (Invitrogen). Transferrin conjugated to Alexa Fluor 594 was purchased from Invitrogen and used at a 1:1,000 dilution in internalization assays.

Plasmids and transient transfections
------------------------------------

All chimeras were in the cytomegalovirus promoter-driven mammalian expression vector pTarget (Promega). CD44-Tac was constructed by two-stage PCR with overlapping CD44 and Tac-specific oligos. These fused the luminal domain of human *CD44* (AAH04372) with the TM domain and cytoplasmic sequence of Tac (TPQIPEWVAVAGCV ... SRRTI). CD147-Tac was constructed by two-stage PCR with overlapping CD147 and Tac-specific oligos. These fused the luminal domain of rat *CD147* isoform 2 (available from GenBank under accession no. [NM_198589](NM_198589); provided by E. Rodriguez-Boulan, Weill Medical College of Cornell University, New York, NY) with the TM domain and cytoplasmic tail of Tac (RVRSRLVAVAGCV ... SSRTI). The luminal domain of rat CD147 isoform 2 was used to distinguish the CD147-Tac chimera from endogenous CD147. The Tac-CD44 was constructed by two-stage PCR with overlapping Tac- and CD44-specific oligos. The designed oligos fused the luminal domain of *Tac* with the TM domain and cytoplasmic tail of CD44 (SIFTTVYQLIILASL ... MKIGV). Tac-CD147 was constructed by two-stage PCR with overlapping Tac- and CD147-specific oligos. The oligos were designed to fuse the luminal domain of the α chain of the interleukin 2 receptor *Tac* (accession no. [NM_000417](NM_000417)) with the TM domain and cytoplasmic sequence of human CD147 (accession no. [NM_198589](NM_198589); SIFTTEAALWPFL ... NVRQRNSS).

For SNAP-CD147, the signal peptide for hen egg lysozyme (MRSLLILVLCFLPLAALG) was introduced just before the second amino acid of the SNAP tag (DKDCEMKR ...). Following the SNAP-tag, a (GGGGS)~2~ linker was introduced, followed by the extracellular, TM, and cytoplasmic tail domains of isoform 2 of human CD147 (accession no. [NM_198589](NM_198589); AAGTVFTTVED ... NVRQRNSS). This construct was cloned into the mammalian expression vector pcDNA3.1 and generated by standard PCR and cloning techniques. CD98-SNAP was constructed by fusing the SNAP open reading frame (pSEMS1-26m from New England Biolabs, Inc.) onto the carboxyl terminus of the type-II protein CD98 (4F2 cell-surface antigen heavy-chain isoform b) by standard two-stage PCR protocols. CD98 was separated from the SNAP-tag by a (GGGS)~2~ linker (... GLLLRFPYAAGGGGSGGGGSDKDCEMKRT ...). The PCR fusion was cloned into the TA mammalian expression vector pTarget (Promega; [@bib11]).

The Hook1-Y2H-HA plasmid was constructed by using specific oligos to amplify the sequence encoding for amino acids 486--728 of human Hook1 using an HA-Hook1 construct as a template ([@bib23]). Hook1-Y2H-HA was cloned into the mammalian expression vector pcDNA3.1. Standard PCR and cloning techniques were used in the preparation of this construct.

The human Rab22a cDNA clone (accession no. [NM_020673](NM_020673)) was purchased from OriGene and was subcloned into the SalI--BamHI sites of pEGFP-C3 (BD/Clontech) to generate the GFP-Rab22a construct. All amino acid substitutions in the GFP-Rab22a construct and various chimeras were made using specific oligos harboring the mutations of interest and the QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies) according to the manufacturer's instructions. All restriction enzymes were purchased from New England Biolabs, Inc.

HeLa cells were grown on glass coverslips (for immunofluorescence experiments), 35-cm dishes (for siRNA depletion assays), and 10-cm plates (for immunoprecipitation and Western blotting). Cells were transiently transfected using Fugene 6 according to the manufacturer's instructions (Roche). Experiments were performed 15--18 h after transfection.

siRNA interference
------------------

Hook1 siRNA depletion was achieved by using the ON-TARGETplus SMARTpool human Hook1 siRNA (accession no. [NM_015888](NM_015888)) from Thermo Fisher Scientific. The siRNA was prepared according to manufacturer's instructions, and cells were transfected with Lipofectamine 2000 (Invitrogen). After 48 h of transfection, cells were trypsinized, diluted 1:10, and seeded in 35-mm dishes. Cells were incubated in antibiotic-free media for 24 h. Then, the second treatment was applied to the cells for additional 48 h. Next, cells were trypsinized and seeded in 10-cm dishes with coverslips and used for experiments the following day. Human Rab22a siRNA depletion was performed using the ON-TARGETplus SMARTpool human Rab22a siRNA (accession no. [NM_020673](NM_020673)) from Thermo Fisher Scientific. Cells were treated as described for Hook1 siRNA, with the exception that after the second transfection we waited 72 h to trypsinize the cells ([@bib48]).

Antibody internalization, immunofluorescence, and confocal analysis
-------------------------------------------------------------------

Antibody internalization assays were performed as described previously ([@bib10]). In brief, cells were incubated with primary antibodies against endogenous CIE cargo proteins (CD44, CD98, CD147, and MHCI) or Tac for 30 min or 1 h at 37°C to allow internalization of the antibody-bound cargo proteins. After antibody internalization, cells were rinsed twice with PBS, and MHCI and CD98 surface antibodies were removed by rinsing the cells in low-pH solution (0.5% acetic acid and 0.5 M NaCl, pH 3.0) for 30 s, followed by two rinses with PBS. Then, cells were fixed in 2% formaldehyde in PBS for 10 min at room temperature. After fixation, cells were rinsed two times with PBS (5-min washes). Remaining PM CD44, CD147, and Tac-associated antibodies were blocked by incubating fixed cells with unlabeled goat anti--mouse IgG (1:20; Jackson ImmunoResearch Laboratories, Inc.) for 1 h in the absence of saponin. Internalized antibodies were then visualized by incubating the cells for 30 min at room temperature with Alexa Fluor--conjugated secondary antibodies (Alexa Fluor 488, Alexa Fluor 594, Alexa Fluor 568, and Alexa Fluor 633; Invitrogen) in PBS buffer containing 10% fetal calf serum and 0.1% saponin. Coverslips were washed two times with PBS buffer containing 10% fetal calf serum and were submitted to a final wash with only PBS. Each wash was done for 5 min. Then coverslips were mounted on glass slides using Fluromount-G as mounting media (SouthernBiotech).

For antibody internalization and NH~4~Cl chase experiments, the cells were preincubated with primary antibodies for 30 min or 1 h at 37°C. Cells were transferred to fresh media containing 15 mM NH~4~Cl for 22 h. After 22 h, the cells were rinse in PBS and processed for immunofluorescence as described in the previous paragraph ([@bib11]).

Hook1 was visualized using a rabbit polyclonal antibody ([@bib46]). Before fixation, cells were treated for 1 min with 10 µg/ml digitonin on ice, followed by two rinses with PBS. Then, cells were fixed and processed for immunofluorescence as described in the previous paragraph.

All images were obtained at room temperature using a confocal microscope (LSM 510; Carl Zeiss) with a 63× 1.4 NA Plan-Apochromat oil immersion objective lens and 488-, 532-, and 633-nm laser excitation. Images were acquired using the LSM 510 software (Carl Zeiss) and processed using Photoshop CS4 (Adobe). The MetaMorph colocalization application (Molecular Devices) was used to quantify colocalization between EEA1 and the CIE cargo proteins in individual cells. After separating the confocal images in the two different colors, individual cells were outlined using the MetaMorph trace region tool. After thresholding, quantification of the amount of overlapping fluorescence pixels per cell was obtained after applying the colocalization function. Data analysis was done using the Excel software ([@bib11]). To score the percentage of cells exhibiting CIE cargo-containing tubules after CIE cargo internalization under several conditions, we followed the protocol described in [@bib48]. In brief, 100 cells or more (two coverslips per experiment/condition) were scored (cells with tubes or cells without tubes) per condition using an epifluorescence photomicroscope (Carl Zeiss) with a 63×/1.4 NA Plan-Apochromat oil immersion objective lens using either the 488 channel or the 594 channel depending on the Alexa Fluor--conjugated secondary antibody used. The results are means of three independent experiments ± SD. Excel software was used to generate all the bar graphs and statistical analysis of the data. All the figures were produced using Photoshop CS4.

3D SIM
------

Super-resolution fluorescence microscopy was performed using an imaging system in 3D SIM mode (DeltaVision OMX V4; Applied Precision/GE). Images were taken with a Plan-Apochromat N 60× 1.42 NA oil objective lens (Olympus) at room temperature. The excitation lasers of 488 nm and 568 nm (100 mW for both lasers) were attenuated to 10% transmission. The exposure times were 25 ms and 80 ms for 488 nm and 568 nm, respectively. Stacks of 41 z sections were taken over a cell thickness of 5 µm at a spacing of every 125 nm. The microscope is calibrated before experiments to calculate both the lateral and axial limits of image resolution under our experimental conditions. All raw images were processed and reconstructed in 3D using DV SoftWoRx software (Applied Precision/GE). 3D images are presented with projections from 0° to 60° in 2° increments. Montages of the super-resolution images were produced using MetaMorph software (Molecular Devices).

Recycling assay for CD98, MHCI, and transferrin
-----------------------------------------------

Recycling of CD98, MHCI, and transferrin was measured in control and Hook1 siRNA-depleted HeLa cells using the fluorescence-based assay described previously ([@bib48]). Cells grown on glass coverslips were incubated with primary antibodies against CD98, MCHI, or with Alexa Fluor 594--conjugated transferrin for 30 min at 37°C. In the case of transferrin, cells were serum starved for 30 min at 37°C prior to incubation with Alexa Fluor 594--conjugated transferrin. After internalization, the cells were rinsed twice with PBS and treated with acidic buffer (0.5% acetic acid and 0.5 M NaCl, pH 3.0) for 20 s to remove surface-bound antibody that was not internalized. The acid stripping of the surface-bound antibody was followed by two rinses with PBS and two rinses with complete DMEM. To obtain the time 0 data, a set of coverslips was fixed immediately after the washing steps. The rest of the cells were returned to the incubator (37°C) for 30 min in complete medium to allow for the recycling of CD98, MHCI, and transferrin. After the 30 min of incubation, cells were fixed in PBS/2% formaldehyde for 10 min, and the surface pools of CD98 and MHCI were detected using goat anti--mouse IgG Alexa Fluor 594--conjugated antibody. Another subset of coverslips were washed with low pH buffer, fixed, and stained with goat anti--mouse IgG Alexa Fluor 594--conjugated antibody in the presence of 0.1% saponin. To determine the amount of cargo at the surface or inside the cell, we analyzed 60--70 cells (sizes between 500 and 1,500 µm^2^) using a confocal microscope (LSM 780; Carl Zeiss) with a 63×/NA 1.4 Plan-Apochromat oil immersion objective lens. The cells were imaged using the same acquisition parameters (room temperature, pinhole completely open, fluorescence signal in the dynamic range, etc.), which were set up using the time 0 coverslip, revealing the internal pool. The total internal and surface florescence for each time point was determined using MetaMorph software. The total surface or internal fluorescence per cell was obtained using the integrated intensity-measuring application tool without threshold. The amount of cargo recycled after 30 min was obtained by expressing the surface fluorescence as a percentage of the total fluorescence (sum of the internal and the surface fluorescence) for each cargo. Final measurements were obtained after subtracting the background signal, which was the amount remaining at the surface at time 0. Excel software (Microsoft) was used to process the data collected, generate the bar graphs, and perform statistical analysis.

Nocodazole treatment and replating for the cell-spreading assay
---------------------------------------------------------------

HeLa cells grown on coverslips were pretreated with 10 µg/ml nocodazole for 2 h at 37°C. Control cells were pretreated for 2 h with DMSO. Then cells were incubated with primary antibodies against CD147 or with Alexa Fluor 594--conjugated transferrin diluted in media containing either DMSO or nocodazole for 1 h to allow internalization of the antibodies. After internalization, the cells were processed for immunofluorescence as described in the immunofluorescence section.

The cell-spreading assay was performed as described previously ([@bib42]). In brief, siRNA-treated and control cells were trypsinized, diluted with culture medium to neutralize the trypsin, and pelleted (300 *g* for 5 min at 4°C). Then cells were washed once with fresh media, pelleted, and resuspended in complete media. A fraction of the suspended cells was added to 10-cm dishes with glass coverslips. At different time points, coverslips were removed, fixed in PBS/2% formaldehyde for 10 min, and stained with rhodamine-phalloidin (Invitrogen). Cells were classified as spread when cells were flattened (at least twice the diameter of the nucleus) and exhibited protrusions. Cells were scored using an epifluorescence photomicroscope (Carl Zeiss) with a 63×/NA 1.4 Plan-Apochromat oil immersion objective lens using either the 594-nm channel. The results are means of three independent experiments ± SD and were calculated using Excel software.

Y2H assays
----------

The Y2H screen was performed using the Matchmaker Gold Yeast Two-Hybrid System (Takara Bio Inc.) and a Mate and Plate Library, Human Universal Normalized CDNA library (Takara Bio Inc.). The screen was performed following the recommendations and instructions of the manufacturer. The Gal4 DNA-BD/bait construct was prepared by ligating the CD147 C-terminal PCR fragment (aa 229--269, accession no. [NM_198589](NM_198589)) into the BamHI--EcoRI sites of the pGBKT7 vector (TRP1; Takara Bio Inc.) using the In-Fusion Advantage PCR Cloning kit (Takara Bio Inc.). The yeast strain Y2HGold (Takara Bio Inc.) was maintained on YPD agar plates (rich media) or on SD --TRP (tryptophan) plates when transfected with the Gal4 DNA-BD/CD147 bait construct. To confirm the expression of the bait and prey plasmids, the cells were grown on SD-Leu/−TRP plates. The library was transformed into the Y187 yeast strain (Takara Bio Inc.). The Y2H screen was performed under high-stringency growth conditions as recommended by the manufacturer. Yeast cells coexpressing CD147 carboxyl-terminal tail or the CD147 carboxyl-terminal acidic-cluster mutant fused to the GAL4 AD (baits) and the C-terminal sequence of Hook1 or the pGBKT7 empty vector (prey) were grown on plates lacking leucine, tryptophan, histidine, and adenine (−Leu, −Trp, −His, and −Ade) and supplemented with 125 ng/ml Aureobasidin A (high-stringency conditions). Low-stringency growth conditions (−Leu, −Trp, −His, and −Ade without Aureobasidin A) were used to test the interaction between the CD147 carboxyl-terminal acidic-cluster mutant bait and Hook1. Transformations were performed according to the Clontech's Yeast Protocols Handbook (Takara Bio Inc.).

Coimmunoprecipitation and Western blotting
------------------------------------------

HeLa cells were transiently transfected with equal amounts of DNA encoding the indicated SNAP constructs and Hook1 Y2H clone (aa 486--728 containing a carboxyl-terminal HA tag). After 16 h, cells were labeled with 5 µM of cell-impermeable BG-PEG~4~-biotin for 30 min to 2 h at 37°C. Cells were washed three times with PBS, then solubilized in lysis buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, and 1% Triton X-100) containing protease inhibitors (Roche) plus 20 µM BG-NH~2~ to block further SNAP labeling. Cell lysates were centrifuged at 13,000 *g* for 5 min, and the soluble fraction was incubated with Streptavidin-agarose beads (GE Healthcare) for 1 h at 4°C. Beads were washed three times with PBS, then heated in sample buffer before bead eluates were run on SDS-PAGE. Proteins were transferred to nitrocellulose and immunoblotted for Hook1 and biotinylated SNAP proteins with rabbit anti-Hook1 antibody (1:2,000) and Alexa Fluor 800--conjugated goat anti--rabbit IgG (Invitrogen), and DyLight 680-conjugated NeutrAvidin (Thermo Fisher Scientific), respectively.

Online supplemental material
----------------------------

Fig. S1 demonstrates that the conserved acidic clusters in the carboxyl terminal of CD147 play a role in the endosomal sorting of CD147 away from EEA1-associted endosomes. Fig. S2 shows that overexpression of the Hook1 Y2H clone results in the redistribution of CD147 into EEA1-associated endosomes. Video 1 shows that endogenous CD147 and Hook1 colocalize on tubular endosomes and endosomal structures. Video 2 shows the localization of endogenous Hook1 at the end of tubular endosome loaded with CD147. Video 3 shows that CD147 and Hook1 colocalize on endosomes. Video 4 shows that endogenous CD98 and endogenous Hook1 colocalize in tubular endosomes. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201208172/DC1>.
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